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A REVIEW OF THE EXPERIMENTAL AND THEOIIETICAL STATUS
OF THE REVERSED-FIELD PINCH

D. A. BAKER
Los Akrnos Nationaf Laboratory

ABSTRACT

This paper reviews the status of the rmwrsml-fielcl pinch (RFP ) approach
to the development of a compact nuckar fusion reactor. Two RFP papers
in this conference are complimentary; the first paper’ contains the histori-
cal originn and basic concepts concerning MHD instabilities, relaxation and
NFP confinement properties as well M a discussion of fut ure prospects of the
RFP. This paper gives an overview of the status of plaama parameters of
the present main R FP ●xperiments and of the status of theory and experi-
ment of the interesting RFP plasma phenomena of relaxation, self reversal
and flux generation (these effects are often referred to aa t hc dynamo effect).
The low freqnency osciUating-field current drive concept which exploits tlmc
effects is dimusserl. Particular emphaais is given to the theoretical results
obtained from plaama simulation codes used iu these active arms of study.
Selected topics of recent research on the Los Alamom ZT-40M ~xpcrimcnts
arc reported. The paper concludes with descriptions of the next generation
Los AlnnIotI R FP ~xperinm~tz ZT}l, to lx located in t Iw rww C!onfinmnrnt
Physics Research Facilitys (CPRF) presently under construction, anti the

characteristics of an RFP compact reactor.

1. INTRODUCTION

This prqmr and mmpnnion papm in thir cmt’mwwi jointly rm’iew th~ rmmmd.ficl~l
pinch ( RFP) tu.sion rmearch concept. TII~ turoidal pinch has a Img history whicl] is cmercd
by ●arlier general r~vicw paprrs2 -5 rm Ihe revcrmvl field pil)cl]. Thr RFP rollmpt hns ninny

interesting ar~as of research both cxpcrinmntmll.v and t.lmmtically aud the m~lthors hnvr
of necessity lililitcrl their discumion to certain topics. Rcfcrcncr 1 r~vicws the gcnrrd
originu and Imai{’concepts of the R FP wit h an rnlphasis on RFP plnoma con fincnwnt. It
also includeo recent rcsulto on the ETA-BJ3TA II d~vicc, and a ciemript.ion of t Iw Iww
R FX experiment under construction, am-l conlnmts on fut urc prospects for fusitm. l’lw
aim of (he prcOent paper is to revi?w ot Iwr topics; threw inclurk a short cnwrvimv of t h?
present RFP expminwntal devicem, nn cmrvicw of the wry r~crnt work ill t Iir ~r~ns ()[

rmmmrch on tdo-tbnt flux gcmrntim. IOWfrrqucnry curr~nt drivr, mnr ZT-40F1 r~stllts,
A ‘a gmmrd dmcriptidn 0( thr ncw high -rurrrllt R FP hing rl~nigtld mIrl roIIsl r~lrtwl nt
b AIRIIIOS. The pnprr ccnirludcs with a gmrral overvirw d (IIF RFI) rmnl,nrt rmrlrlr
rotlrep! .
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11. OVERITEW OF THE PRESENT RFP EXPERIMENTS

Ileverwd-field pinch reseaxch haa rccmltly expanded both in the size and uunlbcrof
‘–10 Lave been in opera tie]] forexpwitnental dcvicea, Five intermediate sized expcrimento

several yeara and have accumulated extensive databaaes. A general overview of tllcir char-
s.ckrhtia and the pubhohal phmua pararnetms arhieved in these devic~ are summarized
in lhble 1. Plasma tempemtum of ~ 0.6 keV, plasma denrnti~ of ~ 5 x 10yOrn-’ ●nd
energy cordlnement tir.unapproaching ● mil.kcond hnve ken obtained. Flat- topprcl cur-
rent d.iwharges kting over S5 msec hcve been achieved. Mwt importantly, the plasma
temperature mnd Ltawam n~~ products increase with plasma cnrrent.ll This fact haz lead

to the construction of larger, higher current next generation devices: (1) RFX, a 2M A
(R/A = 2 m/O.5 m) experiment unckr construction in Padova, Italy, in collaboration with
the Cullmm J.&oratory in the EURATOM program is discussed in Ref 1,; (2) ZTH, a 4

MA (R/a = 2.4 m/.4 m) ●xperiment, is b~ing constructed at La A!amos ancl is discuasccl
in Sec. IV of thi~ paper; and (8) ● 2 MA (R/a = 1.5 in/O.25 m) ●xperimmt is plalluml
for the near future at the University of Tokyo. Th~re has bem u outstud.ing growth ill
the number of RFP devices in recent yeus, puticularly in Japan. These are summarize(l
in Table 11.

With the nbove exp-ncled activity in the prewnt and future RFP d~vicra should
aiguillcantly iucreue rate of progreaI iu aolviug outstanclhg questions in RFP physics.

TABLE I. Range of Parametersfor Present Experimmts with Larga DatabMss
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TABLE II. RFP EXPERIMENTS

Experiment Location R (m) R (m) I (kA)

Repute- 1

STP-3M

HIT-1

ATRAS

CN-RFP

STERFP

Reversat ron

MST

Multipinch

Univ. of Tokyo

IPP
Nagoya Univ.

Hiroshin]a [Jniv,

Nikon Univ.

Nikon Univ.

Kyoto Univ.

[Injv, of

Colorado

[Injv. Of

Wiscol’oin

GA Technologies

0.82

0.5

0.25

0.5

0.14

0.25

0.50

1.4

. .

0.2 220.

0.09 170.

0.09 10;.

0.09 .-

(0.38 x 0.1) 10.

0.1 20.

0.08 30.

0..56( avc ) 400.

. . 210.

Major ArerIs of Stli(ly

Equililmillm control with
thin shell and feedback

High current density

Startup and impurity
studies

Start-up

Noncircular shape
diverters and dynamo

current drive and
clivcrtors

Shall studies

under modification

non circular cross-section

III. SOME HIGHLIGHTS OF PRESENT RFP PHYSICS RESEARCH

A. Dyntuw EfI’ect - Relaxation-Flux Generation

1. General

On? of tlw most rxciting physics topim in RFP reaearrh comes from tlw obmrvml
ability of the l{FP dimcharge to maintain its revcrsecl-hek.l configuration in t.hc prcsrncr
of rmiotive diffunion. ‘1’he current in mnintaincd for timm WCIIbeyond that prc(lic(r(l I}y
classical one din]cnsional resistive Mll 1) n. mlels. A comparison 12 hrt wcen an actual 27’-40
discharge and claseicaf conlputation in shown in Fig 1, ~’his ability of IIW diurharg? (o
gmwrat~ or sustain lh? tcwoidal field only by the mwrgy supplied by the tor~idal volt r gc
circuit in r-ferred to m the’ dynamo cKcrt, This iBnn rxtensiml of tlw un- of t,hio trrlll wllirh
in idmtifkd with the sustainment and gmwration of fi+lm in t Iw moving and ron(lvrt illg
fluids in {he ●uth’s rorr, the sun, nnd other nst rophyuicnl (A)jrcts. I’rolmhly (IIF illtmi
Striking demmstrati{m of III? toroidd field gmwrnlirm omur~ during a rnlllpml IIIIMIFof

RFP etartupl S as SIIOWIIin Fig 2, TIK Iwi pmit ivc toroidaf tfIIx iilcrmms ●vril (hI)IIglI
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the toroiclal field is negative at the plasma edge as discussed in Ref 12. Positive flux is
generated inside the plasma and negative flux is expelled into the external toroidal field
circuit.

2. Three-Dimensional MHD Simulations

Several models have been previously proposed to explain the toroictal flux generation
and sustainment pinches; - Ref. 4 for references through 1983. llecently exteusive
studies have b=n made which examine the process using resistive MIID codes. That three
dimensional resistive MH D codes can produce a steady-state revrrsal nmm toroidal field

‘e of five 3-D resistive, tinlehsn I-n denmnstrated.~’ ‘1’ In an interesting conlparison study
dependent MHD codes, three con~pressib]e and two incon~pressildc, it was found that, for
the benchmark case teutecl, the con]prmsihle codes produced a stemiy field reversal wI)ile
the incompressible codes did not. (See Fig. 3). The study concluded that con]pressil]ilit.y
is an essential component of the dynamical evolutions of the RFP.

A 3-cI psewdospectral computation 17 was made which followed the evo]ut.ion of all
incompressible fluid for a constant applied nngmtic field and a hollow non- uuifornl initial
current density. Small scale turbulence develops and t.hc field enmgy decays faster than the
magnetic helicity. Thr aver~~e toroidal Iuagnel ic field reverses sign spontaneously. l’he
state that develops is nearly force free, hut J- B,JB2 is not unifornl suggesting n~ore residual
disorder than that of n pure n].inhnun] energy state. These calculations are presently Ixillg
extended to include conipressibility and a :;rivillg E field.

The extemive studieo with the resistive 3- D MHD codes have indicated the following:

1. The maintenance of toroidal field reversal by tI]?nonlinear evolution of n] = 1 resist ive
Illodeso

2. The noulintar intmaction of many nl = 1 modes can lead to a stochastic core with
good surfaces outside ior low @< 1,6,

3. Long tinle oscillatory behmrior occurs at high theta.

4. Unlike for the tokanmk demription, wheu ninny resistive tmring modee interact and
cnlwe disruption, for the RFP the driven Imcles rwnahi stable and have a stabilizing
efkct o~l the clonlimnt growing n]odes. 18

The Result 2 aim: mqggest~ that for ncmual low t Iwt a operation t IW confinmwnt of
the RFP may be semitivcly efkt.ed by t.llc plasinn edge properties, field errors, Iinlitcrs,
d.c. Plasma edge physics hsa Iwconw a vwy active RFP research area. ‘o- ‘a

Tl]rre me Iinli(ationn on 3-D codes dlw to I)oundmy condit iolle that are IInmi.24 fillitr
resollltion (mesh ei* and ndc iruncntioll ). prnct ical rlmniug time, n;d {l]qmr iinlits 011
the practical Lunrlquid nl~mlm (resistiv~ dif~union t im~/Alfv&l t inl~) thus Ienving ]Jlcnt y
of room for mor< work to nchicv? Slgllifirmlt in]lmwmw’)ts iu t II? fut ur?.



3. Reduced MHD Equations

Reduced MHll equations 25 for the ,nean ancl Il[lctllatillg fields have hen dcrivecl al]d

applied to the RFP. These approximate equations are used to analyze the mean and fluct u-
ating fields and produce equations easily solved numerically. Solutions to these equations
indeed prod~lce self reversal as show~ also in Fig. 4. The reduced equations have bee]]

used to show that quasilinear treatment, of growing and stationary tearing modes call be
calculated and are consistent. with field reversal in the RFP.

4. Sawtooth Activity

At high values of the pinch parameter # = EPOl(a)/B~. mt, large sawtooth oscillations
are sem on zT-40. In contrut to the relatively smooth mlstlainnlent of the toroidal flllx at
low theta valu-, in this case the dynamo acts to restore the flux ill discrete jumps2e for high
t.lletla operation. Thwse observable •vel~t.s have been studied i,l ctetai127 and it was found
tlmt a one dimensional transport description was sufficient to model the risetime portion
of the sawtooth if the resistivity profile is not flat, but instead has resistivity gradients
lucated at. less than half the plasma radius. l%ese st udies resulted in the following picture:
The sawtooth darts at state of minimum emergv and evolves away from tlmt btate by
ohmic heating which peaks the current on rucis driving the systcm into inst. abiiity. l’hese
instabilities enter a nonlinear phase causing the sawtooth Crash returning the plasma t o
tbc previous minimum eneqqv state mwi the process repeats. Srudies of the stability of
these profiles during tlw ohmic Ileating phase indicate that the crash and flux generat ion
are producmi by currmlt-driven tearing modes. Experimentally la~ge scale m = 1, n a 8-15
modes have heel) associated with the crash.~y

5. Current Ramping Simulation

Dynamo act ion chming C’urrmlt Ramping start lip lms h-n recent Iy ●xalnincd~s with
a 3-D MHD co+ with the conclusioil thnt this mode of RFP operut ion, in which t Ilc
tcwoidal flux generation is the most prollotmced, CIU1be simulatml. The Iong-wav+ngt h
NKI low frrqu~ncy tearing ihst abilities arc sufficient to give t Iw observed flux gmwrat ion
and the strong nonlinear coupling olmerved between the t ~woidal and poloidal firld circuits.
It is acknowkdged, however, that the calculated edge field fluct twitions are lnrger than
ob~ rxperimentalty. This is ont of t hc nm.iu diucrrpancies brtween the nulnerica]
MHD predictions of tlte dynmno action and experiment for both ramped am.f st mdy ctlrrellt
opetat im. An importamt question in thin regard is wl]cthrr t Ile i)~clusion of a larg~ l]~lllllm
of modes, i.e., tine spatial mld t~mporaf resolution and !hr uee of t lie Iligll ●xprrin]ent A
hwdquist numbers, wottld allow reuid ivc MH D to prechct the low l~vel t urhulm]cc ol)scrved
in [he low t beta RFP dischargm. ?his tp:est ion rwnaina opcii M a result of t IW limit at i(ms
on present day computers.



13. ANALYTIC WORK ON RELAXATION

Since this area of research is reviewed in Ref. 1, only a few comments m recent, work
are given here, Work continuw along several approaches to further study the effects {~f
relaxation and flux generation. The results of an early statistical stu(ly of the RFP statezg
has been followedgo by a d~terministic approach for incompressible dissipative MHD. ‘l’he
reversed field state was shown to be a quasi-steady state that is stable as an attractor.

A recent, calculation minimizing energy, with constraints cm magnetic helicity, hybricl
heliciiy, axial magnetic flux, and fluid velocity flux, gives a relaxed state which is not force
free.~1

A study has beel~ made of the radial distribution of the dynamo mean electric field
needed to sustain steady-state cylindrical RFP w!wn prescribe:l values of J(r) = J . B/Bz
and thermal transport functions are given. ‘2 It was found that: ( 1 ) eucrgy was extracted
from the central core to drive the poloidal large currents of the RFP configuration; (2)
tllc quantitative results are only weakly dependent on the choice of parameters; and (3)

comparisons with ●xperiments indicate that the resistance of the plasma may not I}e fn r
from classical. Conclusio;l ( 1) agrees with past work on the kinetic dynamo modt=l in
which electrons pick up energy in the core and then are transported across a postulated
rrgodic field linr region to produce the currents for the rcvmsed field in the outer region .33
C!onclusicm (2) also agrees with earlier work in which the plasma resistivity is estimated
using magnetic helicity.34

A new dynnmo mockl has appeared very rrccnt.ly. ~s It, is n spin off from the Rotnmak

concept in which current drive is produced by rotating fielcls in a regime where the Hall tcr]n
in ohms law don~inatee the resistive term RUCIthe electrons are froze]i to the magndic field
while t,h~ ions nre nut. The proposml mcchanisnl uses a non-linear Ifall effec( of n saturnt,ecl
helicm] mode. Prdiminary calculations predict tlw correct direction and magnitu(lc for the
poloiclal current deusity thnt was observed in [i flT.X 1A. The observed snlal] magnd]c field
fluctuation -2% level is reported to be sufficient to give agreement with the expcril]]ent.

Co CURRENT DRIVE

The advantages of steady state reactors over pulsed ones have motivated studim IJO(I)
●xperimentally and theor~tirnlly for driving tokamaks, including particle Imam injcctim
and various radio-frequency drive schcnlea. ‘1’hcsc terhniqucn seek to avoid tlw contillmms
increaae of poloidal flux thnt threads the hole in the torus for norlnal inductive drivr.
I’hme is an ●quivalent need for such a system for the toroidal R FP. in addit, im~ to the
methods available to the tokamako, tlwre is also thf possibility of a Incthodse wl~ich USFS
a low (audio) fr?qucncy ac modulation of tlw toroidnl nnd poloiclal firld to prod~lce n
uniclirc~ticmai currrnt. This nwt hod, if surcessftll, woul(l rrplncc exlwnpivc r.f. or p~rtirlc
bran] ●qnipmmt wit h low cost 3C powm supplim. Th? trclllli(lue was first rxplorml ~lsil~g
O-D luodels.3T’so Using t IIF aseulnptlim of il10tmtnmn18 rrlaxR{ioll t() R prrfrrrwl st ~1r
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and energy balance in the form of the Poynting theorem, one obtains an equatiml for the

toroirhd loop veJtage37
Vd = I@p + F’l(@)i~ + F’2(8)V0 , (1)

where Id is the toroidal current, Rp = 1~2J J . E(fk’ (the integral extends over the plasma
volume), V8 is the poloichd voltage and F’l(d) and F2(d) are functions o{ the pinch parameter
(?. ‘1’he precise form of these functions drpends on the magnetic field profiles.37 When a
small signal analysis is used and assuming the changes in Rp are neghgible, the direct
current component for steady state has the form37’3g

(2)

where the modulating voltages are given 13yVe = i’e sin ud, t’~ = PO sin(u~i – A), and (#) is
the mean toroidal flux. The coefficient h- depends on the mean-field profiles. This expres-
sion is maximum wh?n the phase angle 4 is 90°. Alternatively, one may integrate equation
(1) directly allowing one to drop th~ mathenmtical restriction that the moclulatiug voltages
be small. A sample solution obtained l~y integrating 13q. (1) using the Modified Bessel
Function model’” is shown in Fig. 5. Critical to the system is tl!e value of tl]e effective
plamna resistance, J2p, because it determines whether current drive can be obtained for
practical valuen of the amplitude of the oscillating voltages. Since the resistivity should
drop in the next gmeration high current, high temperature experiments (and even more
in reactor level plasma), the rcquirecl driving amplitude on the oscillating voltages will
be reduced. Studies of the ●ffects of varying phase of Inoculations inlpressed on normally
inductively driven flat top discharges in Z1-40M have been made.’] The arrangenlent for
driving the field windings is shown schematically in Fig. 6. Waveforms for optimum phase
6 = fi/2 (called pumping) d = m (called clunlping, which drives a reverse component of
current ) are hwll aloIIg with an unmodulated current in Fig. 7. The agreement in the
trends observed iu O-D simulation is encouraging, indicating that this plamna is respon~l-

ing in the correct way to give current drive. The fact that the curr?nt did not actually
increaae in the pumping case in Fig. 7 is evidently due to au enhanced resistance due to
plasma-wall interactions accompanying the mocllilatirms. It is noted that the amount of

modulation on Ve k !imited if the reversed loroiclal field is retained. Loss of field reversal is
known to dramatically raise the piasma resistatlce. So]]lewhat improved L)ehavior has I]een

obtained when the modulations were applied duriug a ramp’s so that tlw mean Poyntillg

vector waa directed radially inward.

Recently, 1-D calculations have been made using MIID co&s to ~xamin~ tile details of
the plamna renponse during oscillating fivld-currrnt drive. “I’* Since the MHD relaxation] is

basically three climenuiona.1, some means for mudelling the relaxation needs to he included
in the 1-D calculations. One approach is to periodically force the field profilrs to relux.’a
Auother approach modifies ohnl’s law in the 1-D MHD codes by adding an m efikct tern]’i

E=qJ+v~B+m 13, (3)

An ●xpression for tlw m coeffici~nt of the forll~

a= B-’V. [B2DVJn B/f72] (1)

i



has been discussed by several authors. 4s–50 D is FIcoefficient which controls the flatt.eni]~g

of t.hc A profile. The spatial wwiation of D n]~lst I-Mspecified, e.g., fro]n 3-I) code results
or from a theory. The hyper-resistivity ternl (4) allows one and two dimensional codes
and to be able to produce t 11- RFP profiles4s 148and to generate toroidal flux during 2-D

51 This expression for (x lms also been shown, Ilnder certainramped current simulations.
ammnptions, to conserve magnetic helicit.y while dissipating: energy.52 The 1-D simldtitions
hw ‘e been successful in demonstrating clwrent drive without flux consumption. It has been
shown that m = 1 helical perturbations are needed for the resistive MHD model to give
oscillating field cument drive. A class of m = 1 tearing modes which can generate the
required pcdoidal flux have been ident.ifiec145’s2 and are driven unstable by the development
of an off-axis peak in the J profile.53

This area of research is current Iy very active but II theoretically am-l experimentally
in order to determine both the physics properties and engineering requirements for this
approach to current. drive.

D. FUELING AND DENSITY CONTROL

Experiments 42T54’55have been carried olit, using injection of solid fueling pellets into
reverse field pinch discharges. in Z’P-40A1 a four barrel pneumatic pallet. injector previmlsly
used on Alcator C.50 Injection was along a major radius and resulted in as high as a
factor of six increase in density. A characteristic behavior was a deflection of the pellet
both toroidally and poloidally upon entering the discharge. This Wect is interpreted as
produced by an asymmetric ablation of the pellet by in~pact, with electron currents flowing
aloug the magnetic field. This eflect will be useful m a diagnostic for RFP plasmas.

It is observed thnt when nelltral gns injection is used concurrently with pellet injection,
the effectiveness of both is increzwd. This effect maybe due to an increased neutral density
al the plsmnaedge from the gas pufllng, which SI1ppresses the energetic electrons causing
the =ynlnietric ablation as the pellet, eutcrs the discharge regiou,

The results to datr have demonstrated the ability to increww and sustmin the rlewsit:y
in an RFP. This techliique appears to be a viable method of density control needed in the
future long-pulse high-current devices,

IV. THE ZTH EXPERIMENT

A next gmeration R FP experiment ZTH will be t.lic initial experiment in the new

confinement physics research facility (C~PRF) under construction at. Los Alanlos.5y’5q

The ●xperiment will be located in all existing building having thick concrete walls
am-l ceiling to give adequate neutron shie]dillg for the projected plasma parmnetcrs. TIM
experimeld will he powered by a 1,430 MVA, 600 MJ gellerat or operd in.g over thr freqlwncy
range of 60 to 42 IIz. Power conversicm eqllipmeut will drive up to 4 MA plaEI:M current

8



into the ZTH experiment. The generator can he fitted with a flywheel which will provide
1,400 MJ of additional emrg--- Key design quantities of t!le experiment MCI projected
plasma parameters for Zlli are given in Table 3.

TABLE 3. ZTH DESIGN SPECIFICATIONS

Symbol Quantity Design Value Comments

Major Radius (liner) 2,4 m

Minor Radius (1.iuer) 0.4 m

Aspect. Ratio &nl
Max. Toroidal Current 4 MA Range: O.S to 4

Id Ri~e Time 5Lhns
poloidal beta 0.1 Rmge: (1 to 0.2

Shafranov Int. Inductance 1.4 Range: 0.s to 2

Shell Time Constant, - 50ms
Liner resistance 8,5 mf2

Toroidal voltage 7V 20 V @ ().5 MA
volt seconds 28.8 For 60 MA in (IH Coil

Projectecl Plasma Quantities at 4 MA57

Temperature T, x Z’i --4 keV

Electron demity - 2.15 xlo20rn-3
Energy containment time ~85 11]S

An artist’s col~ception of the ZTH dmice is shown in Fig, 7 and a cross-section layout
is shown in Fig. 8. The coil arrangement is shown in Fig. 9.

1,

2.

3.

4,

The design of ZTH has the following object.ives for the first plwe:

Optimize the fom.cbt]on, current ramping, and plasma equilibrium control.

Determine the suitability of graphite ar]nor for wall protection at high wall loading

Detern~ine scaling properties of plasma parameters (l~eta, density, and temperature)
aa Id is increased up to 4 MA.

Explore methods of ramp down with gradual current, termination.

The Secol]d pham of the experinmlt.s will reqliire some smvstenl ]l~odificat ion and will
he used to ex]}]orc the fol lowiug:

9



1. Optimization of density control with pellet injection, gas pufing, etc.

2. Impurity control and diverters.

3. Explore the oscillating field current drive and other schemes as dictated I>ythe results.

The new experiment is sclmhded to beg]n operation with plasma current capability
of 2 MA in May 1991 and with a 4 M}. capability in September 1992.

V. THE REVERSED-FIELD PINCH AS A COMPACT REACTOR

One of the characteristic features of the reversed-field pinch is that it aiiows a high
engineering beta (plasma pressure /fielclpressure at the coils), a feature which results from
the fact that. the main pcdoidul confining field is supplied by the plasma and drops to lower
valuea outside thr plasma. This property has allowed t.]le development of the concept, of a
small, high power density compact, fusien reactorsg’go using resislive coils and t.hill ]Jlankets

as an alternative t.o the earlier large, low power density clesignsel t~tilizing thick Llankets
and stl]~r-col]dllct.illg coils. The advisability of such a change in direction in reactor

designs is suggested by siudiese2~e3 which indicate that, the cost of electlricit y from the large

fusion reactors project to be 50-100% above the alternative nuclear em=rg-- sources. l’he
smaller compact designs are able t.o project lower electricity costs because the cost of the
fusion power core (the ldwsma chanlber, first wall, blanket, sllielcl, nmgnet.s, and struct llre)
contributes a significant, fraction to the price of the electricity. This cost increases with tile

*T6S have concl~lcled that the ratioamount of material in the fusion power core, and studies
of net, electric power to fusion power core mass (lnass power density) should I]e 100-120
kWe/tonne or more to be competitive with the cost of electricity from pressurized water
fission reactors. Framework st.udiesed’e~ of the RFP compact rearior project designs with

mass power dc=nsities of > 3 M We/tonne, lnore tha’ I an orr!er of magni t ucle improverneut
over the value for the conventional large fusion reactor designs.

The RFP has other distinctive fea!llres which promise att ract ive reactor properties. It
opmates wccessfully at high current densities, is Ilot boLInd by the Kruskal Iinlit,ing current,,
allows designs wl:ich utilize simple ohmic heating to ignition, and puts no constraints on
the toroidal aspect ratio. The plasma relaxation to a preferred state gives a strong coupling
betwcxm the poloidal and toroida.1 field circuits; this gives promise for a st eady state current
drive using low frequency fields as descril}ed earlier. A 8alllrJ]e set of design parameters
and characteristics fronl Ref. 67 CRFPR (20) are given in ‘1’al}le4, A layout of the fusiml
power core is shown Fig. 9 allcl a sample plaut layollt for this design is shcnw ill Pig. lU.

Optimization studies and othur arrangenlents are given iu Ref. 67.

Further dctail(d stlldies of the RFP fusion reactor are currently i]eil]g nncle,’takem I)y
a ln[tlti-illstittltio~ld T1l’AN program, and the resulfs of a first step scopil]g study are
available.ee This scoping study explored a large nu]l~l~cr of design options, and ccmtirlned

that the RFP concept system with high power densities allcl with IIrlltrou wall lo~dings

1()



TABLE IV. Key CllFPR Engiuecring Parameters and Characteristics for the
Iw = 19.5 M W/ins, CRFPR(20) Design from Ref. 67.

Net/Gross electric power,
~E[~}V(G/eC~r~C)] /~E~[~~lf’(e/eC~ r2C)]

Total thermal power, FTHIMl$’(thermal)]
Cross power-convemion emciency, qTH
Recirculation power fraction, c
Gvernll plant availability, pj

Major/minor plasma radius, R~/rP (m)
Plasma volume, VP (ms )
Fir@t-wall area, AFUP(J42 )
Neutron first-wall loading, JW(MW/m2 )
Number of toroidal section, ~’

Mrmimum field at rnngnet, l?e,(?’)
Field at plasma axis/edge, ll+(0)/&(rp)(l’)

Average poloidal/total beta, ~e/~
Average D-T ion dmsity/ten~perat ure

n(lo~o/m~)/T(kcv)
Plasma hurl] mode

Plnsmn heating method (sthrtup)
I%tsma current/ohmic power (M A/MW)
Plaama in~purity. control method
First-wall/f.inliter materials
Blanket/shield structural material

Tritium-breeding medium

Primary coolant
Shield
Thermal-conversion method

Toted Fusion Power Core Wright

1,000/1,256
3,473
0.369
fJ.2(J4
0.75 (15 MW myr/n12 FPC life)

3.9/0,71
38.8
115
19.0
24( IZ)

4,5(b)

9,5/5.2
0,23/0.12

6.6/10.0
Contiliuous/igni ted(c)

OhInic (246 V cs’total, 26 V . s, o!,mic)
18.4/25.3
Pdoidd pumped limiter (24, 38% first wall)
MZC copper alloy (water cooled)
11’1-9 steel (water-cooled seco]ld wall)

J.i-Pl~ (35 MW/n)s avernge), trit.ium I]rmvling
rrdio = 1,06 (two dimensional)
Li-Pb (poloirlal flow, 0.6 m thick)
Stainless St~cl (0.1 m thick, wat~r coohd )
Dud-medium ( *40% H20, + (NJ% Li-l)lj ) s(ea]l~

1,117 tonnes

(a.) For off-site fabrication purposes only, single-picm or halcll FI)C n~ainhnnce is cnvimgml
for this system that weighs ~30.5 toIIne~ (first wafl, blanket, shield, 1’F’CS), to which is ad(lml R
separate 813-tonue PIK! set and *943 {onncs of Li-1)1>coolant.

(b) At the OHC! during the burn, 9,21’ during stnrt~lp, Peak fhl(l a~ t h TFC is (I.7 T, wi[ll ( IIF
plasma dynamo providing a niajor part of the toroidd flux during startup. ThF TPf!/Oil{! /I?F(’
power consumption is 12,6/73.0/53,5 M W (electric ), with tlw Oli(! powrr gtjing to ZPIX)II]M~H
initiation of F - @ pumping currelit drive,

(c) hmd on F - @ pllmping at 50 Hz wi(h
100, 61+/1~ * 0.(.)1 plasma current swillgm



in the range 15-20 M W/n12 can have a fusion power core whose cost would be less t!lan
10?%oof the total plant cost. This means that sma!l units can be used to minimize the cost
of a development, program. TIM design phase of the TITAN program i~ in progress and
is expected to lead to further advancenlent toward the goal of an attractive RFP fusio] ~
reactor.
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Fig. 1. CornpariOon of the toroiclal flux in ZT-40?d with ● one-dimensional colnpllt er
rode Usi:lg the measured trwoidal voltnge ●nd fieldline pitch U bounclury conditions. TIte
~uctaiument of the flux by the dynamo action is rvidellt. ‘a
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Fig. 2, R~mPd mode of op~rdion whtn ● toroidal field inrrmd by dynamo t hrml.gl)ml~
k romped pmrl of lhc rise, ”
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F~. 4. Computational aimulntionsofF- epumpillgoll ZT-40hf, (n) Plnmlarurrmit
with mmdwithout F - ~ pumping, (h) McaII toroidsl fi~hi wif h ●ild without F - @
pumping. (c) Simuldd wavtform for the magndizing flux ( V~ ) during F - fl l~ulllpinc.
Hme, V~ don{ec lhc mqndic flux threading the central lIO]Cof the torus. (tl ) AIJl~liwl
voltmge~ lb and k’~ ●l the plasn]a. t7
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Fig. 9. Optimized coil configuration for ZTJI, 011, EF, HT, an~l VT dis~ing~lisl] (1~~
ohn]ic heating, ●quilibrium horizontal trinl and the vertical trim coils respectively. ShoWn
also are the bps used to model the ohell, liner, and plasma,
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Fig. 10. Reactor plant layout adopted for vertical removal of the FPC:.
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